The major structural polypeptides of measles and canine distemper virus (CDV) were isolated by SDS-polyacrylamide slab gel electrophoresis. Rabbit hyperimmune sera directed against the isolated HA, P, NP, F and M polypeptides were prepared. In addition, rabbit hyperimmune sera directed against purified native internal components of measles virus and against purified virions of measles and CDV, untreated or treated with trypsin, were prepared. These sera were used to study the immunological relationships between measles and CDV in immune precipitation tests with aSS-methionine-labelled extracellular virions and intracellular virus polypeptides and by use of complement fixation and mixed haemadsorption tests.
INTRODUCTION
Measles and canine distemper virus (CDV) are closely related viruses which belong to the morbillivirus genus of the paramyxovirus family (Kingsbury et al. 1978) . Both one-way and reciprocal immunological cross-reactions have been found between measles and CDV (Imagawa, I968) . Neutralizing antibodies against distemper virus have been demonstrated oo22-I317/8o/0oo0-415o $o2.oo 01980 SGM 9-2 in human anti-measles sera (Karzon, I955, I962; Cartstr6m, I956; Adams & Imagawa, I957; Imagawa et al. I96o) , but neutralizing antibodies against measles virus have not been found in anti-distemper sera from dogs (Karzon, r962; Delay et aI. I965; Roberts, I965) . Reciprocal immunological cross-reactions exist between internal structural components of the two viruses (Waterson et al. I963; Orvell & Norrby, I974) . The immunological relationships of surface components have been partly examined in comparative studies of measles and CDV (~rvell & Norrby, I974) . Anti-distemper sera reacted with the fusion factor (haemolysin), but not with the haemagglutinin of measles virus. Since haemolysing and haemagglutinating activity have not been detected in distemper virus preparations, it was not possible to investigate the corresponding reactions between distemper virus and anti-measles sera. In the same study it was also reported that the nucleocapsid components of the two viruses were immunologically indistinguishable. This conclusion was reached by the use of a rabbit hyperimmune serum which was considered to represent a measles nucleocapsid reference serum. This serum was prepared by immunization of rabbits with nucleocapsids extracted and purified from infected cells (Norrby & Hammarskj61d, I972) . However, it has recently been shown that such sera contain antibodies against both the nucleoprotein (NP) and matrix (M) polypeptide of the virus (D. L. J. Tyrrell et al., unpublished data) . In retrospect, therefore, it was not decided whether the reported immunological relationship concerned the NP or M polypeptides of the two viruses. During the preparation of the manuscript, Stephenson & ter Meulen 0979) and Hall et al. 098o ) reported on the immunological relationships between measles and CDV. By the use of rabbit hyperimmune sera against measles and distemper virus in immune precipitation with measles-and CDV-infected cell lysates, they found a reciprocal immunological relationship between all virus polypeptides except the HA. The NP polypeptides showed the highest degree of cross-reactivity.
The aim of the present study was to prepare monospecific antibodies against every major structural polypeptide of measles and CDV. By the use of these reagents and antisera against whole virions we re-examined the immunological relationships between each of the major structural polypeptides of the two viruses.
METHODS
Viruses. Two strains of CDV were used. One strain was derived from the commercially available live Convac vaccine (Dumex). It will be referred to as the 'Convac' strain of CDV. The second strain of CDV was a rapidly growing variant of the Onderstepoort strain, kindly provided by Dr M. Appel, Coruell University, Ithaca, New York (Martin & ter Meulen, I976) . Distemper virus as well as the Lec strain of measles virus were propagated in Vero cells maintained in Eagle's minimal essential medium (MEM) containing 2 % foetal calf serum.
Preparation of purified virions. Vero cells were grown on 25 cm 2 plastic bottles. When the cell monolayer was confluent, the cells were infected with CDV or the Lec strain of measles virus at an m.o.i, of ~< o.oI TCIDso/cell. At the time when c.p.e, started to appear, the cultures were washed twice with MEM with 2 ~o foetal calf serum and methionine reduced to 4 rag/1. The cultures were maintained in this medium for 4 h, after which the medium was changed to 5 ml of the same medium containing 2o #Ci/ml of 35S-methionine (The Radiochemical Centre, Amersham, U.K.). Three days later extracellular material was harvested and clarified four times at I4oog for 5 min. The labelled virus material was then layered on a discontinuous sucrose gradient composed of I ml 65 % sucrose (w/w) and 6 ml 3o % sucrose layers in o.oi M-phosphate buffer, pH 7-2, and centrifuged at 3oooo rev/min for 45 rain in an SW4o rotor. Labelled virions banding at Immunological relationships between measles and CD V 233 the interphase between sucrose layers were collected and analysed by SDS-polyacrylamide slab gel electrophoresis. The purification procedure of extracellular unlabelled virions followed that described for mumps virus (Orvell, I978) .
SDS-polyacrylamide slab gel electrophoresis.
The technique used essentially followed that described by Laemmli (i97o) . Electrophoresis was performed in I5 % or Io ~o polyacrylamide gels (o.I8% NN'-methylenebisacrylamide). The details of the procedure for polyacrylamide gel electrophoresis and scintillation autofluorography have been described previously (0rvell, I978).
Preparation of isolated polypeptides used for immunization. The major structural polypeptides of measles and CDV were prepared in the following way: purified virions were dissolved in 1% SDS, 2 % ~-mercaptoethanol and ro % glycerol and heated to 7o °C for IO rain. One ml of material containing I to 2 mg of virus protein was fractionated on a I5% polyacrylamide slab gel with only one slot. After the run, the gel was stained and destained, each for 3o min, rinsed in water and transferred to a water bath. The individual bands corresponding to the major structural poIypeptides of measles and CDV were cut out with a razor blade and each band was re-banded on a new gel. After the second run the procedure of staining and destaining was repeated and bands were cut out and transferred to a 3 ml tuberculin syringe. The gel piece was pressed out into z or 3 ml of electrolyte buffer used for electrophoresis (o'o25 ~-tris, o'I92 M-glycine, o.I % SDS) and was further fragmented by repeated passage through a needle. Thereafter, the material was enclosed in a dialysis bag which was placed in a 5oo ml bath of electrolyte buffer and the polypeptides were electrophoresed out of the gel pieces at 50 V overnight, dialysed for 3 days against distilled water, which was changed every day and was finally dialysed against o'9 % NaC1.
Preparation of native antigens used for immunization.
The technique used for preparation of internal components of measles virus has been described previously (Norrby & Hammarskj61d, I972; Orvell & Norrby, I974) . Further separation of nucleocapsids and membrane antigen was obtained by isopycnie centrifugation in linear CsC1 gradients. Pure membrane antigen and purified nucleocapsids were recovered in the low and high density range of the gradient, respectively (D. L. J. Tyrrell et al., unpublished data) . Purified measles and vaccine-derived distemper virions strain Convac, at a final concentration of o'5 mg to t.o mg per ml, were treated with o.o2% trypsin for 2 h at 37 °C (Norrby & Gollmar, I975) . After the treatment the materials were centrifuged at 3oooo rev/min for 45 min in an SW4o rotor (Spinco centrifuge) to the interphase between 65 and 30 % (w/w) sucrose layers. It was shown by electrophoresis that distemper virions collected at the interphase were devoid of the HA polypeptide before being used for immunization. HA-depleted measles virions were diluted one to two in phosphate-buffered saline (PBS) and were further treated with 1% of the non-ionic detergent octyl /~'-D-glucopyranoside (octyl glycoside; CalbiochemBehring Corp., La Jolla, Calif., U.S.A.) for 15 rain at room temperature. After the treatment, two consecutive centrifugations were performed (2o ooo rev/min for 3o rain and 35 ooo rev/ min for 6o min) in an SW5o rotor. The supernatant which contained the pure fusion protein was used for immunizati'on.
Immune precipitation, nSS-methionine-labelled purified virions were used as antigen in immune precipitation experiments. The virions were labelled and purified as described above. After purification the virions were mixed with SDS at a final concentration varying from o'5 to 1% and boiled for 2 rain. The material in the final antigen-antibody mixture was adjusted to a concentration of o.t % SDS, 1% sodium deoxycholate (DOC), 1% Triton X-Ioo in o.I 5 ~-NaCI, o.ot M-tris-HCl, pH 7"4. Then, I x Io 5 to 2 x to 5 ct/min of 35S-methionine-labelled purified virions were mixed at o °C with rabbit hyperimmune sera which had been extensively absorbed with uninfected Vero cells. The vol. of the reaction mixture was o. 5 ml. In most experiments the final antibody dilution was I : I25. After 2 h z34 c. (JRVELL AND E. NORRBY at o °C, immune complexes were precipitated by addition of 5o #l of I : I slurry of Staphylococcus aureus protein A bound to Sepharose CL-4B suspended in o. 15 M-NaC1, o.oi M-tris-HC1, pH 7"4, at o °C for t h, with frequent vortexing of the beads. The Sepharose beads were pelleted in an Eppendorf microfuge (2 min, IOOOO rev/min) and washed four times with fresh buffer as described above. A fifth wash in I ml ofo.oI M-phosphate buffer, pH 7.2, was performed in order to remove the detergents. The beads were dried and dissolved in i2o/zl of 1% SDS, 2~o/~-mercaptoethanol and lO% glycerol. After 2 rain of boiling, the samples were counted and subjected to electrophoresis. Intracellular antigens were also used for immune precipitation. Measles and CDV-infected Vero cells labelled with 20/zCi/ml of ~S-methionine for 3 days were scraped off the glass with a rubber policeman. The cells were washed twice with o'15 M-NaC1, o.o1 M-tris-HC1, pH 7"4. Thereafter, the cells were disrupted in RIPA buffer (Lamb et al. I978) at o °C and centrifuged at 35 ooo rev/min for 6o rain in an SW 50 rotor. The supernatant was collected and kept at -2o °C. One-tenth ml samples of the cell lysates were mixed at o °C with serial fivefold dilutions of rabbit hyperimmune sera directed against measles and CDV virions. The reaction mixture was adjusted to the RIPA buffer composition. The lowest effective dilution of sera was I : I25. After this processing the procedure followed that described for immune precipitation with asS-methionine-labelled purified virions.
Sera. Rabbits were immunized with isolated polypeptides by repeated intramuscular injections into the hind legs every 4 weeks with a 2 to 4 ml mixture consisting of equal volumes of antigen and Freund's complete adjuvant. Serum samples from the rabbits were taken Io days after each booster. The method for preparation of rabbit hyperimmune sera against untreated purified virions followed that described in an earlier publication (Norrby & GolImar, 1975) .
Serological tests. Complement fixation (CF) tests were performed as described in an earlier publication (Norrby & Gollmar, i972) . Mixed haemadsorption (MH) was used to measure antibodies against envelope components. The technique of MH has been described previously (Espmark & Fagraeus, I965; Norrby et al. 1977 )-Monolayer cultures of Vero cells in milk bottles were infected with the Convac strain of CDV at an m.o.i, of o.oI TCIDso/cell. When c.p.e, started to appear the bottles were used in experiments. A carrier cell line of measles virus in Lu to6 cells (Norrby, I967) was used as antigen in MH experiments with this virus. In order to avoid effects of antibodies against normal cellular components, the sera were extensively absorbed with uninfected Veto cells. A linear relationship existed between the diameter of zones and the 2 log dilutions of sera (Norrby et al. 1977) . Neutralization test (NT) antibodies were assayed as described previously (0rvell & Norrby, I974).
RESULTS

Characterization of rabbit hyperimmune sera directed against the major structural polypeptides of measles virus
The major structural polypeptides of measles virus were resolved on I5 % polyacrylamide gels. The tool. wt. of the major structural polypeptides corresponded to those described by Tyrrell & Norrby (1978) . Antisera directed against the 79 K, 72K, 6oK, 4oK and 36K polypeptides reacted only with their corresponding polypeptide in immune precipitation experiments with aSS-methionine extracellular purified virions (Fig. 1) . The antisera were further characterized by different serological tests (Table 1 ). All sera reacted in CF tests with measles virus antigen. Antisera directed against the 79K and 4oK polypeptides reacted in MH experiments. Only the antiserum directed against the 79K polypeptide contained haemagglutinin-inhibiting (HI) antibodies. This antiserum also contained NT antibodies in low titre. Immunological relationships between measles and CD V The structural polypeptides of the Convac vaccine strain of CDV were investigated in a parallel study (C. Orvell, unpublished data). The following structural polypeptides were identified with their tool. wt. given in parenthesis: HA, a glycoprotein (85 ooo); P, a polymerase protein (78o0o); NP, the nucleocapsid protein (59ooo); two disulphide linked polypeptides F1 (4IOOO) and F2 (23 ooo); and M, the membrane protein (34o0o). Antisera were prepared against the 85K, 59K, 41K and 34K polypeptides. These sera reacted specifically with the polypeptide used for immunization (data not shown).
Comparison of immunological relationships between internal components of measles and CD V
Rabbit hyperimmune sera directed against the NP and M polypeptide of measles and CDV were used in CF tests against its corresponding homologous and heterologous antigen isolated from gels. As can be seen from Table 2 a cross-reaction was demonstrated between the M polypeptides, whereas little or no cross-reaction was observed between the NP polypeptides of the two viruses. Similar results were obtained when whole virus was used as antigen in CF tests. The immunological cross-reactivity between the NP and M polypeptides was also estimated by immune precipitation with 35S-methionine-labelled isolated polypeptides. The close cross-reaction between the M polypeptides of the two viruses found in CF tests was observed also in these experiments but in contrast, little or no cross-reaction was observed between the NP polypeptides of the two viruses (data not shown).
From these tests it was evident that rabbit hyperimmune sera directed against purified NP isolated from gels could not detect a close immunological cross-reactivity between the NP polypeptides of the two viruses. The possibility that antigenic determinants of the NP polypeptides were damaged by heating in 1% SDS, or due to acid hydrolysis during staining and destaining of the gel, had to be ruled out. Therefore, we also examined rabbit hyperimmune sera directed against native preparations of internal components of measles virus and against purified measles nucleocapsids. Using these sera, a reaction with the NP polypeptide of CDV was readily demonstrable (Fig. z) . I979b, 198o; Stephenson & ter Meulen, I979; C. 0rvell, unpublished data). An attempt was made to obtain a semi-quantitative estimation of the immunological cross-reactivity between the two polypeptides of measles and CDV by MH, a test which measures antibodies to envelope components. The diameter of zones in different experiments did not vary significantly. Rabbit hyperimmune sera against whole virions and haemagglutinin isolated from gels were used. Since the 4oK and 41 K polypeptides of measles and CDV, respectively, represent only a fraction of the native F polypeptide (Graves et al. 1978; Hardwick & Bussell, 1978 ; Hall et al. 1979 Hall et al. b, 1980 Stephenson & ter Meulen, 1979) , rabbit hyperimmune sera against the native F polypeptide were prepared (see Methods). As can be seen from Fig. 3 , antiserum against the trypsin-treated distemper virus particles contained antibodies against all virus polypeptides except the HA polypeptide. The antiserum against the F polypeptide of measles virus contained antibodies against the 4oK polypeptide and a polypeptide in the NP region of the ~ .... of the F polypeptide. The distemper and measles virus antiserum nau a ln~a~ mt~mu,y~,.-inhibiting (HLI) titre of 40 and 640, respectively, whereas no measles HI antibodies were demonstrable (HI titre < IO in both sera).
There was a linear relationship between the diameter of the zones and the 2 log dilutions of sera. This allowed the immunological relationship between surface components of measles and CDV to be estimated. A cross-reaction of approx. 25 % between surface components of measles and CDV was obtained in mixed haemadsorption experiments with sera against Fig. 4. Polyacrylamide gel electrophoresis of irrunune precipitate of (b) 3~S-methionine-labelled purified measles virions precipitated with a rabbit hyperimmune serum directed against purified measles virions; (a) purified measles virus and (e) proteins precipitated with a rabbit hyperimmune serum directed against purified virions of the Convac strain of CDV.
whole virions (Table 3) . A cross-reaction of about z5 % or more was obtained between the F peplomers of the two viruses. Only antisera against the denatured HA polypeptide were available to estimate the immunological relationship between the HA polypeptides. No cross-reaction was observed between the HA of the two viruses by the use of antisera against this polypeptide isolated from gels.
Comparison of immunological relationships between all virus polypeptides of measles and CD V by immune precipitation
By using serological reagents against the HA, NP, F and M polypeptides of measles and CDV, an immunological relationship between all polypeptides except the HA was detected. No immunologica! relationship between the HA of the two viruses could be demonstrated in MH with monospecific sera against the HA. The possibility could not be excluded that antigenic determinants of the HA polypepetide isolated from gels might be damaged by the isolation procedure. If this were to happen unrepresentative results might be obtained in MH experiments with sera against the HA polypeptide.
The immunological relationships between measles and CDV were further investigated in immune precipitation experiments with rabbit hyperimmune sera against purified virions of measles and C D V in tests with both extracellular denatured aSS-methionine-labelled virions and intracellular virus antigens. Rabbit hyperimmune sera against measles or distemper virus precipitated all the major structural polypeptides of the homologous extracellular virus. In tests with the heterologous virus these sera precipitated all virus structural
Immunological relationships between measles and C D V virions in SDS (see Methods). To estimate the immunological relationships between individual polypeptides of measles and CDV we also tried immune precipitation with intracellular virus antigens and dilution of sera ( Fig. 5 and 6 ). A reciprocal cross-reaction was observed between the HA of the two viruses. The reaction with the heterologous sera was of a small order of magnitude and considerably lower than the pronounced cross-reaction observed between the F1 polypeptides of the two viruses. From the experiments described in Fig. 5 and 6, the immunological cross-reactivity between the NP and M polypeptides of measles and CDV were of a similar order of magnitude [compare the precipitation of these two polypeptides at different serum dilutions in (A) and (B)]. No precipitation of the P polypeptides of the two viruses could be distinguished when intracellular virus antigen was used in immune precipitation.
DISCUSSION
In the present study reciprocal cross-reactivity was found between all structural components of measles and CDV. In an earlier study we reported that nucleocapsids of the two viruses were immunologically indistinguishable and that there was an immunological cross-reactivity between the fusion polypeptide of CDV with the corresponding structure of measles virus (Orvell & Norrby, I974) . In contrast, little or no cross-reactivity between the HA of the two viruses was found when measured by HI and NT tests.
By using monospecific rabbit hyperimmune sera against the major structural polypcptides of measles and CDV and rabbit hyperimmune sera against whole virions in immune precipitation experiments with both asS-methionine-labelled purified extracellular virions and intracellular virus antigens, a more detailed analysis of the immunological relationships between the two viruses was feasible. The technique of immune precipitation, like the CF test, probably measures a wider spectrum of antibodies against the relevant polypcptide than is possible in certain other serological tests, for example HI, HLI and NT. It was found that measles and CDV antibodies directed against the HA polypeptide isolated from gels contained a relatively lower amount of NT antibodies in comparison to HI and CF titres, than that encountered in rabbit hyperimmune sera against native purified virions. This may be due to a destruction of antigenic determinants on the HA polypeptide responsible for production of NT antibodies.
Immune precipitation with both asS-methionine-labelled intracellular virus material and extracellular virions as antigen was performed. The technique of immune precipitation carries the possibility that artefacts may be introduced, for example by destruction of antigenic determinants or by the occurrence of co-precipitation. When 35S-methioninelabelled purified virions boiled in SDS were used, destruction of antigenic determinants probably occurred. The rabbit hyperimmune sera directed against the NP polypeptide isolated from gels reacted with the homologous, but not the heterologous antigen. However, damage to antigenic determinants of the NP polypeptide might also have occurred by acid hydrolysis of the polypcptide during staining and destaining of the gel. In the case of the HA polypeptide, strong evidence indicates that there was a destruction of antigenic determinants. Rabbit hyperimmune sera directed against the isolated HA or native purified virions reacted with the homologous but not the hetcrologous HA antigen when extracellular virions were used in immune precipitation. When sera against purified virions were used in tests with intracellular virus antigen, where care was taken to preserve antigenic determinants, precipitation of both the homologous and heterologous antigen occurred. The antisera against isolated polypeptides of measles and CDV were used to control whether co-precipitation occurred in immune precipitation experiments. By using these reagents it was not possible to certify co-precipitation that could have an influence on the interpretation of results.
An exact quantification of immunological cross-reactivity between the individual polypeptides of measles and CDV could not be achieved in the present study. A close crossreaction between the NP polypeptides of the two viruses was demonstrated by the use of sera against native antigens, but not by the use of sera against the NP polypeptide isolated from SDS-polyacrylamide gels. The different results obtained with the two kinds of sera were probably due to the fact that antigenic determinants shared by measles and CDV on the NP polypeptide were destroyed during the isolation procedure of this polypeptide from SDS-polyacrylamide gels. Taken together, these results suggested that there was a reciprocal immunological cross-reactivity but non-identity between the NP polypeptides of the two viruses. This was corroborated by a difference in the primary structure of the polypeptides detected by limited proteolysis with proteolytic enzymes (C. Orvell, unpublished data.) A close immunological cross-reactivity between the M polypeptides of the two viruses was demonstrated, both in CF tests and by immune precipitation. Further studies including crossabsorption experiments are needed to determine whether the M polypeptides are immunologically identical.
The third internal polypeptide of measles and CDV is the P polypeptide. A reciprocal immunological relationship between the 72 and 78K polypeptides was found, but the degree of cross-reactivity was not determined in the present study. In immune precipitation experiments with intracellular antigen of measles and distemper, precipitation of the P polypeptide could not be discerned. The resolution in our 15 ~o gels of the HA and P polypeptides of extracellular measles virions was low (Fig. 4) . As the HA polypeptides make up a broad band in immune precipitation experiments with intracellular antigen (Fig. 5 and 6 ), this band may shadow that formed by precipitation of the P polypeptide. The precipitation of the P polypeptide, by the use of infected cell lysates, can be studied by a change in the composition of our gels.
Immunological cross-reactivity between the surface components of the two viruses, the HA polypeptide and the F polypeptide, was studied in mixed haemadsorption and by immune precipitation. A cross-reactivity of approx. 25 % was observed in mixed haemadsorption experiments between surface components of the two viruses by the use of sera against whole virions. A cross-reaction of about 15 % was also observed between the fusion peplomer of the two viruses. No cross-reaction between the HA polypeptides of the two viruses was observed when antisera directed against this polypeptide isolated from gels were used. Only a slight reaction between the HA polypeptides, indicated by the presence of NT antibodies, has been reported in earlier studies. NT antibodies against distemper virus have been found in antisera against measles virus, but sera against distemper virus do not contain antibodies against measles virus (Karzon, I955, I962; Carlstr6m, 1956; Adams & Imagawa, I957; Imagawa et al. I96o; Delay et al. I965; Roberts, r965; Orvell & Norrby, I974) . However, immunological cross-reactivity between the HA polypeptide of the two viruses has been implicated in other studies. Rabbit hyperimmune sera directed against measles virus could precipitate the HA of CDV (Hall et al. 198o) . In a recent study, dogs were immunized with Tween 8o--ether-treated, non-infectious (heated) freeze-dried measles virus or live measles virus. The dogs were subsequently challenged with virulent distemper virus (E. Norrby & M. Appel, unpublished data) . Pre-immunization with the different preparations of measles virus could not prevent the replication of distemper virus, but a significant increase in the titres of measles HI antibodies was found in these dogs. Stephenson & ter Meulen (I979) reported that an anti-distemper dog convalescent serum could precipitate the HA polypeptide of measles virus. In this study no significant cross-reaction between the HA polypeptides, measured as NT antibodies, was observed. In spite of this, evidence for a reciprocal immunological relationship between the HA polypeptides obtained from other studies (Stephenson & ter Meulen, 1979; E. Norrby & M. Appel, unpublished data) was confirmed by immune precipitation with asS-methionine-labelled intracellular
